Abstract: Extracranial carotid artery disease has been shown to be related to cognitive deficits. However, limited data are available on intracranial stenosis (ICS) and cognitive impairment. We investigate the association between ICS and cognitive impairment in Chinese. Subjects (n = 278), recruited from the Epidemiology of Dementia in Singapore Study, underwent comprehensive clinical evaluation, neuropsychological testing, and brain magnetic resonance imaging (MRI), including 3-dimensional-time-of-flight magnetic resonance angiography (MRA). Cognitive function was expressed as composite and domain-specific Z-scores. Cognitive impairment no dementia and dementia were diagnosed according to internationally accepted diagnostic criteria. Linear and logistic regression models were adjusted for age, sex, education, vascular risk factors, and other MRI markers. A total of 29 (10.4%) persons had ICS on MRA, which was significantly associated with both composite cognitive Z-scores [mean difference in Z-score, presence vs. absence of ICS: À 0.37 (95% confidence interval: À 0.63, À 0.12)] and specific domains including executive function, language, visuomotor speed, verbal memory, and visual memory. ICS was also related to significant cognitive impairment (odds ratio: 5.10 [1.24 to 21.02]). With respect to other MRI markers, adjusted for the presence of lacunar infarcts, the associations of ICS with both composite and domain-specific Z-scores, and significant cognitive impairment became nonsignificant; however, adjustment for other MRI markers did not alter these associations. In this Chinese population, presence of ICS was associated with cognitive impairment independent of vascular risk factors. These associations may be mediated through the presence of infarcts.
I
ntracranial stenosis (ICS) in stroke patients has been suggested to vary among different ethnicities with higher prevalence (40% to 50%) reported in Chinese, Africans, and Hispanics as compared with whites (8% to 10%). [1] [2] [3] This difference in the prevalence figures may, next to differences in study populations, be influenced by the imaging modalities [transcranial Doppler ultrasound (TCD) vs. magnetic resonance angiography (MRA)] and criteria used to define ICS. Furthermore, data on ICS from asymptomatic and community-based subjects-especially Asian populations-are largely lacking. One study using TCD among asymptomatic subjects from rural China (mean age, 53.5 y) reported a prevalence of ICS of 6.9%. Another study in asymptomatic predominantly white US subjects, ICS was identified in 12.9% using TCD. However, this was a relatively older population with a mean age of 71.4 years. 4 The use of TCD may limit the ability to diagnose ICS, as this is not feasible in patients with poor bone windows and is also rater dependent with high interobserver and intraobserver variability. 5 More recently, with the application of higher resolution imaging with flow enhancement, investigators have started to use MRA in population-based research settings, thereby creating opportunities to examine the determinants and consequences of ICS. 6 With respect to cognitive impairment, studies have suggested that extracranial carotid artery disease is associated with impaired neuropsychological test performance, probably as a consequence of cerebral ischemic damage. 7 As these studies have mainly focused on extracranial carotid artery stenosis, [8] [9] [10] [11] [12] the association between ICS and cognitive impairment has not been investigated thoroughly. We, therefore, examined the association of ICS with cognitive impairment in a Chinese population from Singapore, and whether this association is mediated by the presence of other markers of neurodegeneration or cerebrovascular diseases on magnetic resonance imaging (MRI).
METHODS

Study Population
The ongoing Epidemiology of Dementia in Singapore (EDIS) study drew subjects from the population-based study among Chinese aged 40 to 85 years, who participated in the Singapore Chinese Eye Study (SCES). To use the limited resources in an efficient way, it was decided to focus on those subjects who were most likely to have cognitive problems. Hence, in the first phase of the EDIS Study, Chinese participants from SCES aged 60 years and above (n = 1538) were screened using the abbreviated mental test and a self-report of progressive forgetfulness. Screen positives were defined as abbreviated mental test score r6, among those with r6 years of formal education, or r8 among those with >6 years of formal education 13 ; or if the subject or caregiver reported progressive forgetfulness (yes/ no). 14 Screen-positive subjects (n = 612) were invited to take part in the second phase of this study, which included an extensive neuropsychological test battery and brain MRI, including MRA. Of these 612 participants, 300 agreed to participate in phase II and hence were included in the present study. As 22 subjects were excluded due to claustrophobia, contraindications to MRI and/or inability to follow instructions, 278 participants were included in this study. Ethics approval for EDIS was obtained from the Singapore Eye Research Institute and National Healthcare Group Institutional Review Boards. Informed consent was obtained for all participants before recruitment. 15 
Neuroimaging
MRI Acquisition
MRI and intracranial MRA were performed on a 3 T Siemens Magnetom Trio Tim scanner, using a 32-channel head coil, at the Clinical Imaging Research Centre of the National University of Singapore. The 3-dimensional-timeof-flight MRA images were acquired with a repetition time of 22 ms, time to echo of 3.40 ms, flip angle of 20 degrees, 192 mm field of view, 218 Â 256 acquisition matrix, slice thickness of 0 Á 80 mm, distance factor À22.73%, and an acquisition time of 6 minutes and 28 seconds. Subjects with claustrophobia, contraindications for MRI, or those who were unable to tolerate the procedure were excluded.
ICS on MRA
ICS was defined as narrowing exceeding 50% of the luminal diameter in any of the intracranial vessels assessed on the 3-dimensional-time-of-flight MRA. The images were first visually assessed on the coronal sequences and then on reconstruction. The final decision on stenosis (> 50%) was based on the reconstruction sections. The arteries that were assessed were vertebral, basilar, internal carotids, posterior cerebral, middle cerebral, and anterior cerebral arteries. Radiologists and clinicians, who were blinded to clinical data, graded each participant's MRA independently. The interrater reliability expressed as k statistic ranged from 0.51 to 0.79. Any disagreement was then brought to consensus for a final consensus decision.
Other Markers on MRI
Other markers of cerebrovascular diseases and neurodegeneration were also graded on MRI using the following sequences and scales.
Lacunar infarcts were defined on Fluid Attenuated Inversion Recovery (FLAIR) and T2 sequences using the University of Edinburgh Neuroimaging Stroke Scale. 16 Microbleeds were defined on susceptibility-weighted imaging sequences using Brain Observer Micro Bleed Scale (BOMBS). 17 Total brain volume and white matter lesions (WML) volume were quantified by automatic segmentation at the Erasmus MC, University Medical Center Rotterdam, the Netherlands. Brain tissue segmentation was quantified using the proton density-weighted T1 sequence and T2-weighted images, whereas the WML volume was segmented using FLAIR, as described previously. [18] [19] [20] Briefly, as a marker of global atrophy, total brain volume was calculated as the sum of gray matter and white matter volumes of the 5 regions; frontal, parietal, occipital, temporal, and central regions. WML volume was the summation of the WML in the above-mentioned 5 regions.
Cognitive Assessment
An extensive neuropsychological battery, which has been previously validated in Singaporean elderly, was administered to assess cognitive function. 21 The following 7 (5 nonmemory and 2 memory) domain-specific tests were utilized:
Executive function (Frontal Assessment Battery, 22 Maze Task), 23 Attention (Digit Span, Visual Memory Span, 24 Auditory Detection), 25 Language (Boston Naming Test, 26 Verbal Fluency), 27 Visuomotor speed (Symbol Digit Modality Test, 28 Digit Cancellation), 29 Visuoconstruction (Weschler Memory Scale-Revised (WMS-R) Visual Reproduction Copy task, 24 Clock Drawing, 30 Weschler Adult Intelligence Scale-Revised (WAIS-R) subtest of Block Design), 31 Verbal memory (Word List Recall, Story Recall), 32 Visual memory (Picture Recall and WMS-R Visual Reproduction). 24 Z-scores were derived for individual subtests, whereas Z-scores for individual domains were computed by summing up the Z-scores of each subtest under that domain and dividing by number of subtests. Domain-specific Z-scores were utilized to compute the final composite Zscore, reflecting global cognitive functioning. The modified 15-item Geriatric Depression Scale was also administered to all subjects. 33 In the present study, the diagnosis of cognitive impairment without dementia (CIND) was determined by clinical judgment and was anchored in the following guidelines, as published previously 34 : cognitively not normal but not demented, self and/or informant report of problems with cognition or daily activities, or performance on neuropsychological measures that was 1.5 SDs below the established education-adjusted normal means on individual tests impairment in at least one domain of the neuropsychological test battery. CIND was classified into mild (when r2 domains were impaired) and moderate (when >2 domains were impaired). 15 The diagnosis of dementia was made according to the DSM-IV criteria.
Assessment of Other Risk Factors
Demographic and vascular risk factors including age, sex, education, smoking, hypertension, diabetes, hyperlipidemia, height, weight, and history of stroke were collected and verified by medical records. Blood tests included full blood count, random blood glucose, and lipids including total cholesterol (Colorimetry, Siemens Advia 2400). Systolic and diastolic blood pressures were measured using a digital automatic blood pressure monitor (OMRON-HEM 7203, Japan) after the subject rested for 5 minutes. Blood pressure was measured twice, 5 minutes apart. The mean of the 2 readings was considered as the relevant blood pressure. The mean arterial blood pressure was calculated as two thirds of the diastolic blood pressure and one third of the systolic blood pressure. Hypertension was defined as systolic blood pressure Z140 mm Hg and/or diastolic blood pressure Z90 mm Hg or use of antihypertensive medications. Diabetes is defined as on treatment or glycated hemoglobin Z6.5%. Hyperlipidemia is defined as those on medications or total cholesterol levels Z4.14 mmol/L following the National Cholesterol Education Programme (NCEP) Adult Treatment Panel (ATP) III guidelines. Education was categorized into <primary 6 years and Zprimary 6 years. Smoking was categorized into nonsmokers and smokers (past and current smokers). Body mass index was calculated as the weight in kilograms divided by the square of height in meters.
Statistical Analysis
To assess the differences between included and excluded subjects, w 2 tests were utilized for categorical variables and Student t tests were used for continuous variables. We analyzed the associations between presence of ICS and Z-scores for cognition using multiple linear regression models expressing the effect sizes as mean differences in Z-score between those with ICS and those without ICS together with 95% confidence intervals. Models were initially adjusted for age, sex, and education and additionally for mean arterial blood pressure, cholesterol, random blood glucose, smoking, body mass index, and Geriatric Depression Scale. For clinical outcomes (CIND-mild, CIND-moderate, dementia), multiple logistic regression models were used to compute odds ratios and 95% confidence intervals. To examine whether the association between ICS and cognitive impairment are mediated by the presence of specific MRI lesions, we adjusted both the linear and logistic models additionally for each MRI marker. Standardized total brain volume and WML volume, presence of microbleeds and lacunar infarcts were entered into the model one at a time. To calculate the standardized volumes for every individual subject the total brain volume was divided by the total intracranial volume (= standardized total brain volume), and the WML volume divided by the total white matter volume (= standardized WML volume). P-value <0.05 was considered statistically significant. In view of the multiple tests performed on the specific cognitive domains (7 domains), we also used the Bonferroni correction to obtain an adjusted significance level for each domain-specific test: 0.05/7 = 0.007. Statistical analysis was performed using standard statistical software (Statistical Package for Social Science, SPSS V20, SPSS Inc.). Table 1 shows the comparison between the included (n = 278) and excluded (n = 1260) subjects. Compared with the excluded subjects, those that were included were more likely to be older and diabetic and less likely to be hypertensive with low mean arterial blood pressure. The baseline characteristics of the participants with and without ICS are shown in Table 2 . Those who had ICS were more likely to have hypertension, diabetes, and presence of infarcts on their MRI scans. Out of 278 included subjects, 77 (27.7%) were diagnosed with CIND-mild, 74 (26.6%) with CIND-moderate, and 4 (1.4%) with dementia. *Excluded were those subjects who were either screen negative (n = 926) at phase I and hence were not invited for phase II of the EDIS study or those subjects who were screen positive at phase I, but refused participation at phase II or had missing data (n = 334).
RESULTS
Values in bold indicates P < 0.05. Because of the small number of dementia cases, these subjects were combined together with CIND-moderate as "significant cognitive impairment" for further analysis. Twenty-nine subjects (10.4%) were diagnosed with ICS of which 10 were symptomatic (history of stroke) and 19 asymptomatic. Among persons aged 60 to 64 years, the prevalence was 5% increasing to 16.7% in those older than 75 years. ICS was diagnosed in 5 (4.1%) subjects with normal cognition, 9 (11.7%) with CIND-mild, and 15 (19.2%) with CIND-moderate/dementia. The presence of ICS was significantly associated with both CIND-moderate/dementia as well as composite Z-scores (Table 3) . After further adjustments with MRI markers including standardized total brain volume, WML volume, and presence of cerebral microbleeds, the associations of ICS with both the clinical outcomes and the composite Z-scores remained statistically significant. After adjustment for the presence of lacunar infarcts, however, these associations attenuated and partly became nonsignificant, suggesting that these associations are partially mediated through infarcts.
With respect to specific domains, ICS was related to executive function, language, visuomotor speed, and verbal and visual memory after adjusting for age, sex, education, and vascular risk factors (Table 4 ). In terms of additional adjustment for MRI markers, similar trends were also seen for the domain-specific analyses: additional adjustment for standardized total brain volume, WML volume, and presence of cerebral microbleeds did not alter these associations. However, these associations did become nonsignificant after including presence of infarcts in the model, except for executive function. Finally, when applying the Bonferroni corrected significance level of 0.007 (B0.05/7 domains) to the domain-specific analyses, none of these associations in these models reached this revised level of significance.
DISCUSSION
In this study we found that persons with ICS were more likely to have poorer overall cognitive performance. In particular, these persons performed worse on tasks of executive function, language, visuomotor speed, and verbal and visual memory. In terms of clinical outcomes, persons with ICS were more likely to have significant cognitive impairment. Additional adjustment for MRI markers revealed that these associations may be partially mediated by the presence of lacunar infarcts on MRI.
Several studies have shown that cognitive deficits were present in both symptomatic (with history of stroke) and asymptomatic subjects with extracranial carotid artery occlusion. 11, 12, 35, 36 In addition, a few studies on extracranial carotid stenosis and cognition have shown that stroke-free subjects with moderate carotid stenosis (stenosis of 50% to 69%) have poorer performance on several cognitive tests than persons without carotid stenosis. 9, 37 In the Tromso study, tests of attention, particularly sustained attention, and psychomotor speed were strongly associated with carotid stenosis, whereas a weaker association was observed between tests of memory and carotid stenosis independent of clinical ischemic episodes or structural vascular MRI changes. 10 Several studies have also shown that patients with asymptomatic carotid stenosis improved significantly with respect to their neuropsychological assessments after prophylactic carotid surgery, including improvement in attention, visual memory, and psychomotor speed. 8, 38 However, it was unclear whether these associations were mediated through the presence of infarcts (or other lesions on MRI), as these studies lacked such data. [39] [40] [41] The present study extends these previous findings by showing that persons with ICS were also more likely to have poorer cognitive function. 8 However, the association between ICS and cognitive impairment attenuated when adjusting for the presence of lacunar infarcts on MRI leading to the possibility that this association is partially mediated by cerebral ischemia. It has been hypothesized that cognitive deficits in patients with carotid stenosis may occur as a result of diffuse ischemic damage. 42, 43 It has also been suggested that patients with carotid stenosis have cerebral hypoperfusion that is associated with white matter lesions and cerebral atrophy. However, hypoperfusion was not directly measured in this or earlier studies. 10 The specific role of carotid disease in producing cognitive alterations was also reported by a study in which cognitive dysfunction was observed in patients with transient ischemic attack and internal carotid occlusion irrespective of the presence of cerebrovascular disease (WML) or the localization (retinal vs. cerebral) of symptoms. 44 However, in this study the presence of WML was graded visually and other markers such as brain volume and microbleeds were not taken into consideration. Some methodological issues need to be discussed. First, almost half of the screened positive subjects refused to participate in phase II. These subjects were relatively older, less educated, and had higher mean arterial blood pressure compared with those who participated, which may have led to the underestimation of prevalence of ICS in our sample. Furthermore, those excluded subjects might also be more cognitively impaired suggesting that the effect sizes described in this study may be underestimated. Second, as the sample included in the current analyses consisted of screen-positive subjects (n = 278), our findings cannot be extrapolated to the general population. Third, due to the cross-sectional design of our study the temporal relationship between the presence of ICS and the development of cognitive decline cannot be assessed. Fourth, due to the small number of dementia cases, we were unable to determine the effect of ICS on clinically defined dementia. However, the dose-response relationship with significant cognitive impairment, suggests that these findings may be extendable to dementia. Also with relatively small numbers of ICS, we were not able to examine asymptomatic ICS separately. Finally, for the domain-specific analyses, although we found several significant associations at a nominal significance level of 0.05, after applying the Bonferroni correction none of these associations reached the revised significance level of 0.007, probably due to low power of our study to examine a large number of specific cognitive domains separately. Finally, conventional cerebral angiograms are considered to be the gold standard to diagnose occlusive disease of the intracerebral arteries; however, it would not have been feasible or ethical to conduct such tests in these subjects, who were drawn from a community-dwelling population.
The strengths of the study are: an extensive neuropsychological battery was used to determine the cognitive dysfunction and the use of cerebral MRI to grade the presence of cerebrovascular diseases. Furthermore, quantitative MRI measures such as the total brain volume and WML volume were adjusted for in this study, which are more reliable compared with visual scales.
In conclusion, in this study we showed that ICS wasindependent of vascular risk factors-related to overall poorer cognitive performance. Although the effect of ICS on cognitive impairment may be partly mediated through infarcts, other mechanisms may also be involved. MRI indicates magnetic resonance imaging; WML, white matter lesions.
